Abstract-Nanoantennas are efficient devices exhibiting large confined electric field enhancements. So far, they have been extensively researched mainly in the receiving mode, which means that the illuminating field is essentially a plane wave. In this paper, we consider the problem of designing an efficient and highly directive transmitting Nanoantenna where the system is energized by a non-plane wave field, a subwavelength laser excitation. Including short-wavelength components allowed us to achieve a 200-nm spot radius, which is a quarter of its incident wavelength (800 nm). Near-and far-field antenna quantities are introduced and calculated using an efficient full-wave multiphysics solver. A nano-scale optical antenna is then presented with optimized dimensions and material settings. Various design curves and insights are also discussed in connection with how issues such as how to define efficiency and determine whether the system is radiating properly.
I. INTRODUCTION
R ESEARCH on nano-antennas for visible and infrared radiation is an emerging field with novel applications in many areas such as biomedical imaging, near-field nanooptics, quantum communications, and optical signal processing [1] . The importance of nanoantennas comes from their ability to provide a substrate for observables and potential useful interactions between light and structures that are much smaller than the diffraction limit. In RF antennas, the conventional role of the antenna device is to link RF waves in space to transmission lines that are comparable with the wavelength [2] . Analogously, the nanoantenna allows light localization at a subwavelength scale by establishing light-matter interactions involving objects whose size is below the diffraction limit [3] . In fact, the analogy is not perfect since there are two main differences between RF antennas and nanoantennas. First, skin depth at optical frequencies is appreciable, while at RF frequencies, metal can be safely treated as a perfect electric conductor (PEC) [4] . Second, surface plasmon resonances appear when nano-structures are illuminated with an optical wave [3] . However, similar to RF devices, nanoantennas come out in a diverse variety of geometric types such as dipole, Yagi-Uda, bow-tie, etc, which involve geometric resonance processes as well as plasmonic resonances [5] - [7] . Nanoantennas have been extensively designed and studied in the case of plane wave excitation such as in [8] - [12] . Focus on using the plane wave excitation techniques typically implies that in the mainstream literature it is often the receiving mode operation that is considered. On the other hand, publications dealing with transmitting mode investigate nanoantennas that are typically excited by a nanosized optical-frequency generator [13] such as a quantum emitter [14] . Focused lasers can also be deployed for excitation because they are able to concentrate the EM field within a domain smaller than the diffraction limit. This allows the laser field to illuminate parts of the nanoantenna even if the wavelength of the laser is in the optical regime.
The idea of exciting a nanoantenna with a focused laser was investigated by some workers in the past such as [3] , [13] , [15] , though a fully-fledged Tx nanoantenna using focused laser wasn't numerically simulated as a part of a nanoscale wireless communication system. In [3] , a nanodipole antenna was designed for functional plasmonic applications. The authors considered the power transmitted to a sample placed in front of the nanodipole while the nanodipole is illuminated by a focused laser. The focusing was achieved using a lens. A model was developed to compute the near-field power transmission, and Finite-Element Method (FEM) simulations were performed to study the effect of the nanodipole antenna dimensions and choose optimum dimensions. In [15] , single and coupled gold nano-wires were illuminated using a focused laser beam. Two-Photon Induced Luminescence (TPL) microscopy was utilized to assess the salient features of resonance phenomena in gold nanoantenna such as central wavelength and bandwidth. In the TPL framework and setting, the antenna illumination was basically a focused field with a 700-780 nm laser beam realized in the lab by means of immersion oil (100X objective) with 1.25 numerical aperture. The illumination spot was around 350 nm. In [13] , broadband transmitting directional nanoantennas were experimentally realized using plasmon-modulated photoluminescence (PMPL) as an effective optical driving source. One-photon photoluminescence from gold nanostructures was excited by a circularly polarized 532 nm CW laser. The excitation laser was focused onto nanoantenna from the substrate side by an oil objective (PlanApo 60X Oil N.A. = 1.42, Olympus).
In this paper, however, we consider a different method to excite a transmitting nanoantenna, which is via illumination by a subwavelength laser. Subwavelength laser is a method to generate coherent optical fields at the nano-scale (beyond diffraction limit) [16] , [17] . It is a promising field in experimental optics and optical electronic devices; e.g., some researchers have reported the experimental demonstration of nanometer-scale lasers generating a 100 times smaller than the diffraction limit [16] . To the best of our knowledge, illuminating a nanoantenna by a subwavelength laser has not been discussed in the literature so far, aside from our recent brief report [17] . In this paper, a detailed and full investigation arXiv:1911.13131v1 [physics.optics] 29 Nov 2019 of how to model and design transmitting nanoantenna using a subwavelength laser excitation method is provided. The nanoantenna is simulated and optimized for a high directivity and efficiency using the multiphysics solver COMSOL [18] . The paper is organized as follows: In Section II, the simulated nanoantenna modelling stages are explained involving geometry, material, physics, mesh and study in addition to near-field and far-field definitions that were manually entered in the postprocessing stage. In Section III, the results of the parametric study are discussed and the optimum transmitting nanoantenna is determined. Also, a nanoantenna communication system is considered from the perspective of polarization diversity where corresponding optimum dimensions are determined. Section IV concludes the work and proposes some ideas and potential paths of improvement to be explored in the future.
II. PRINCIPAL MODELS AND DESIGN METHODOLOGY
In what follows, we deploy COMSOL Multiphysics to model the geometry, material, physics and mesh of the proposed subwavelength optical nanoantenna model. Also, basic design methodology and postprocessing expressions are defined and discussed in detail. This computational package has already been used by some researchers in the past to model nanoantennas, e.g., see [9] , [19] - [24] . However, here we focus on how COMSOL provides some tools that facilitate modeling nanoantennas using the wave-optics module for subwavelength illumination in transmitting mode.
A. Outline of the Subwavelength Computational Model
We first review some of the existing optical models that are relevant to our problem here. The two main cases involve the 'Optical Scattering Off of a Gold Nanosphere' and 'Scatterer on Substrate' models [18] . In the former, a gold nanosphere was illuminated by a plane wave in a scattering formulation. Heat losses, skin depth, and radiation pattern were considered among others. In the latter, a gold nanoparticle scatterer placed on a dielectric substrate was illuminated by a TEpolarized electromagnetic wave in a full-field formulation. The absorption cross sections and scattering cross sections were evaluated for different azimuthal and polar angles. Some other models like 'Self-Focusing', 'Fresnel Lens', 'Focusing Lens' and 'Second Harmonic Generation of a Gaussian Beam (Wave Optics)' [18] involve simulating laser beams focused by a lens or by Self-Focusing. However, in the 'Nanorods' model [18] , the nonparaxial Gaussian beam module, which will be extensively deployed in this work, was used to illuminate an array of thin rods. The Gaussian wave was generated using the nonparaxial Gaussian formula without breaking the diffraction limit, i.e. the spot radius is set to be equal to λ, not below it.
The geometries considered for our proposed nanoantenna are two-arm nanodipole and two nanospheres that are separated by a gap (see Fig. 1 .) The ends of the nanodipole arms are not sharp but intentionally made smooth and rounded for several reasons. First, realistic nanorods do not have sharp ends; our selected geometry is closer to the actual forms taking shape in real fabricated prototypes [15] , [25] . Second, in sharp-corner nanodipole, the local field would not be maximal at the system center, while in our design it can exhibit a maximum at the middle of the gap between the two arms. This implies that the local field intensity enhancement factor (see below) can be defined unambiguously. Third, the rounded corners will make the geometry general and extendable to two nanospheres separated by a gap and this occurs as a special case of the general case geometry (nanodipole). It occurs when the arm length L is set to be equal to 2R, twice the radius as shown in Fig. 1, i. e. when the upper and lower hemispheres of each arm are joined together. Regarding the gap between the two arms (nanoparticles), it is significant in the optical regime and is expected to exhibit high electric field intensities. The gap size decides if the two arms are highly coupled or not. Consequently, the length of the nanodipole is equal to 2L + g, where g is the gap size. The size and shape of our nanodipole (system of two nanoparticles) affect the excitation of surface plasmonic waves and consequently the overall resonance structure of the antenna. The radius of the nanodipole is significant because the surface plasmon wave excited on the two sides may mutually interact [26] and this interaction is maximum at a specific radius as found in [3] .
Benchmarked optical materials were used in our design for easier comparison with other published reports. In our model, classical gold permittivities for a range of wavelengths were used [27] . For simplicity, the nanodipole antenna is suspended in a homogeneous medium (air in our case). It is also desirable to study the nanoantennas supported by thin substrates but this will unnecessarily complicate the analysis due to increased computation time and the possibility of exciting new surface waves on the substrate itself. Since the main goal of this paper is to provide first feasibility analysis of the potential to design subwavelength antennas, we focus on antennas suspended in free space in what follows.
Gaussian beams deliver the highest power density for a given fixed incident power. 1 The conventional laser used in the lab and simulations can be described using the paraxial Gaussian beam formula. 2 To ensure that this formula is accurate, the spot size (waist radius) of the laser beam should be at least ten times the operating wavelength. On the other hand, when the spot radius is close to or smaller than the wavelength, the beam propagates with a higher angle to the focus. Therefore, the paraxial approximation breaks down and here comes the importance of the nonparaxial Gaussian beam formula which describes Gaussian beams in general. Subwavelength laser excitation is achieved using the nonparaxial Gaussian beam formulation, which is based on plane wave expansion. It is an exact solution for the Helmholtz equation unlike the Gaussian beam which is a solution for the paraxial approximation of the Helmholtz equation 3 . The paraxial approximation formula is not suitable for our Tx nanoantenna design as we need an optical light focused on a subregion of the nanoscale particles, while the paraxial approximation formula is not accurate when the spot radius is equal to or smaller than the wavelength. On the other hand, the angular spectrum expansion uses plane waves to approximate a Gaussian beam. The total expansion is a solution to the Helmholtz equation because each single plane wave mode is a solution and the Helmholtz equation under consideration is linear. Consequently, since this approach can efficiently model a tightly focused beam, we will use it to simulate a subwavelength excitation field interacting with the nanodipole antenna using the full-wave analysis capabilities of COMSOL package.
In our model, the maximum transverse wave number in the plane wave spectrum expansion was limited to the freespace wavelength since evanescent waves are not included in the laser module. The number of plane waves used in our simulations is 338 plane waves. It can be increased to produce more accurate results but with the drawback of significantly increasing the computational burden. The wavelength and spot radius were set to 800 nm and 200 nm, respectively. The laser illumination field was set to be z-polarized and propagating along the positive x direction. The resultant subwavelength laser (background field) is shown in Fig. 2 . The maximum laser field is at the center and is around 0.36 V/m peak level. It is worth mentioning that for the nonparaxial module simulation, we used cubic discretization in order to obtain accurate results of the far-field radiation pattern, unlike many other COMSOL models where quadratic discretization is sufficient to get accurate results.
The symmetry in the nanodipole model is evident as the two arms are identical. Moreover, each arm possesses identical left and right sides with respect to the illumination field propagation vector, implying that computational complexity can be reduced by only simulating a quarter of the original model while the rest can be inferred from the proper symmetry relations. The Perfectly Matched Layer (PML) is set at a distance of λ/2 + L + g/2 from the center. The symmetry in the model is accounted for by defining a perfect magnetic conductor (PMC) in the y = 0 plane and a perfect electric conductor (PEC) in the z = 0 plane. Grid settings are also a critical part. A reasonable number of discretization elements was selected by setting the maximum mesh element dimension to λ/10, which is sufficient for our parametric wavelength rage studies. This is important for reducing the computational burden required by electrically large geometry nanoantennas. The far-field from antenna is computed in COMSOL using Stratton-Chu formula, which operates on the near-field information on the boundary between the air and the PML to produce the far-zone field. Three PML boundary layers were added to enhance the far-field calculation. The final mesh built on the simulated quarter of the model is shown in Fig. 3 .
B. Basic Design Methodology
The key idea in the design of all optical nanoantennas is to obtain (for a given optical material) the critical geometric dimensions and shapes that ensure the excitation of a strong surface plasmonic wave along the radiating dipole. In other words, a nanoantenna acts like a terminated optical waveguide or resonator where radiation occurs when a strong resonant current is excited due to the presence of a surface waveguide mode. In contrast to PEC dipoles operating at the lower microwave band, in most cases it is not possible to predict the critical resonance dimensions using analytical methods. Therefore, experimental methods (here full-wave numerical solution) are essential. Consequently, a parametric sweep was performed over the arm length from 200 nm to 1000 nm with 50 nm steps and over the radius from 10 nm to 500 nm with 20 nm steps. Not all combinations were taken into account since the case of L < 2R is excluded. In addition, the cases of perfect nano-spheres were added from 100 nm to 500 nm radii with 25 nm steps. The sweep over the length is basically 
C. Near-Field and Far-Field Analysis
Since optical nanoantennas do not possess waveguide ports like RF and microwave ports, it is essential to examine the near-field in regions very close to the antenna right from the beginning. In fact, the decision that a nanoantenna has been actually excited will be made based on some near-field measures like local near-field enhancement (see below.) The near-field quantities we will be concerned with here include Local Field Intensity Enhancement Factor (LFIEF) and nearfield scattered power (in the forward and backward directions). We start with LFIEF, which can be defined by the formula
where |E t (r c )| is the amplitude of the total electric field at the center r c of the nanodipole, which is also the origin of the model as shown in Fig. 5 . In (1), |E b (r c )| is the amplitude of the background electric field at the center, which equals 0.36 V/m in our case. The electromagnetic power loss density Q e is equivalent to the standard average resistive (ohmic) losses in our model (calculated based on the fields inside the nanodipole). The time average of the power outflow of the scattered fields is captured by S sc , i.e., the net time-average of the Poynting vector associated with the scattered fields. Therefore, Q e and S sc are expressions for the density of absorbed and scattered power, respectively. To find the absorbed and scattered power, we need to perform integration over the proper extensive domains. The absorbed power can be found by numerically integrating Q e over a quarter of the nanodipole mesh (by symmetry, see above) and then multiplying by 4, that is
Total scattered power by the nanodipole P sc can be found by integrating S sc over the exterior surface of the quarter of the nanodipole and then multiplying by 4:
where ds is the normal vector differential area pointing outwards from the exterior surface S of the nanoantenna. The power scattered in the near-field in the forward direction P NF sc,f can be calculated using (3) by performing integration over the forward surface (the antenna surface that is towards the blue surface in Fig. 6 ). On the other hand, the power scattered in the near-field in the backward direction P NF sc,b can be calculated by integrating over the backward surface (the antenna surface that is opposite to the blue surface in Fig. 6 ). Note that symmetry can be exploited in the aforementioned integrations. Extinction power can now be easily calculated by summing (2) and (3):
After finding the power absorbed and scattered by the nanodipole, we can compute the Standard Radiation Efficiency defined by e std := P sc P sc + P abs .
Note that P abs is usually negligible in classical antennas (RF regime) while it is significant in nanoantennas [28] . Standard radiation efficiency expression conventionally used in scattering phenomena is not indicative of the functionality of our transmitting optical nanoantenna. In this paper, the functionality criterion of our nanoantenna, which is illuminated by a subwavelength laser power, is that it scatters a maximum portion of power to the forward direction (far-field) and scatters a minimum portion of power to the backward direction (far-field). In order to provide some quantitative evaluation of our design, we consider the two types of radiated power to the far-field, one in the forward direction (away from the Tx antenna toward the location of the receiver), and backward scattered power, which is the power reflected back from the nanodipole. The forward scattered power P FF sc,f can be obtained by integrating over the forward hemisphere surface shown in Fig. 6 , while backward scattered power P FF sc,b can be calculated by integrating over the backward hemisphere surface shown in the same Figure. It is important to note that the surfaces shown in Fig. 6 are the limits of our simulation domain (just before the PML) which means that they do not necessarily exist in the far-field. However, we will integrate over them (with exploiting symmetry) to find the far-field quantities (total, forward and backward scattered power) by using a far-field variable 4 after scaling it down to the surface of integration. Total power scattered in the far-field can be obtained as:
where S f,b is the total surface area (blue surface and grey surfaces shown in Fig. 6 ), Z 0 is free space intrinsic impedance, |A FF | is the far-field variable which is basically equivalent to the so-called 'scattering amplitude' in physics and it is calculated using the Stratton-Chu formula that utilizes the near-field information on the boundary between the air and the PML, and r sph is the radius of the free space simulation domain just before the PML (the radius of the sphere shown in Fig. 6 ). It is worthy to note that no physical dimension is assigned to r sph since it is a scaling factor. This is important to maintain the dimensions of the formula. In (6), the scattering amplitude |A FF | is scaled down to the surface of integration because it is equal to the electric field amplitude at 1m while our simulation domain extends up to r sph only. Note that P FF sc,f and P FF sc,b can be computed using (6) by limiting the integration to the blue surface S f and the grey surface S b shown in Fig.  6 , respectively (symmetry can be exploited.)
Generally speaking, P sc,f is a function of distance d 0 and we explicitly write P sc,f (d 0 ), we then have
The forward and backward power computed at distance d 0 are both functions of d 0 but together they add up to produce a position independent sum, namely the total radiated power P rad , which is the same whether in the NF or FF zones. The relation (7) was used in what follows as a kind of consistency check of the computational model of the nanoantenna. Note that in (6), total scattered power in the far-field is calculated and it is equal to the total power scattered in the near-field calculated in (3). This is why they have the same notation. However, a small difference can result due to our numerical model. As mentioned previously, a suitable optical antenna radiation efficiency measure can be defined using the quantities introduced above. We define Directed Radiation Efficiency as:
This expression will be used in what follows in order to obtain a reasonable estimation of how the Tx antenna system is handling power considerations. It partially resolves the problem of lack of an analog of RF transmission line with definite mismatch factor because of the absence of an excitation physical port in our case. In this paper, one of our objectives is to design an optical nanoantenna with a large directivity. Maximum directivity D max calculation will be performed. However, more information about the shape of the radiation pattern will be needed. Hence, directivity in forward and backward directions will 
respectively. Consequently, the Standard Gain and Directed Gain can be expressed by
respectively. These two measures are not identical and we propose that for complete evaluation of the performance of a Tx nanoantennas, both should be included. In a nutshell, the directive gain (12) allows the designer to estimate how much of the actually realizable gain is effectively usable for a receiving antenna placed in the forward direction. It does take into account what is the optical-antenna equivalent of reflection loss 1 − |Γ| 2 in RF systems.
III. COMPUTATIONAL ANALYSIS AND DESIGN EXAMPLES
The polarization of the incident field in addition to size, geometry and composition of the nanoantenna play an important role in the plasmonic effects and as a result in the optical properties [3] . In what follows, we will discuss the results of the parametric study corresponding to the near-field and farfield expressions discussed before in Section II.
A. Near-Field Analysis
The main near-field results calculated in any scattering problem are shown in Fig. 7 . In Fig. 7(a) , LFIEF is plotted versus arm length and arm radius. It has large values for most dimensions. The LFIEF generally increases with increasing radius for a fixed arm length. The peak values occur for small arm length i.e. when the laser is not focused compared to the dimensions. The total scattered power is shown in Fig.  7(b) . It is evident that scattering depends mainly on arm radius value since it is proportionally related to it. It does not generally depend on arm length. Here, the power absorbed by the nanoantenna P abs will be considered in the nearfield calculations. It is a part of the extinction formula. The absorbed power (electromagnetic losses) in the nanoantenna is shown in Fig. 7(c) . The arm length has no effect here and the higher the radius, the higher the absorbed power. Adding up Fig. 7(b) and Fig. 7(c) gives the extinction power P ext shown in Fig. 7(d) . It is evident that the extinction is dominated mainly by scattering for large radii and by both absorption and scattering for very small radii. The reason for this is that absorption is generally smaller than scattering, except for very small radius values in which they are comparable. Fig. 8 shows the scattered power in the forward and backward directions in the near and far-fields. Regarding the near-field scattered power in the forward direction P NF sc,f and that in the backward direction P NF sc,b , they generally do not depend on the arm length as shown in Fig. 8(a) . They are both small and almost equal in small radii cases but afterwards, they increase monotonically with radius (with P NF sc,f having a larger value). This continues until P NF sc,f reaches its peak around 250 nm radius. After this peak, it decreases while P NF sc,b continues to increase with radius. To sum up, for centered radii values around 250 nm radius, the power is mostly scattered in the forward direction in contrast to the situation of small and large radii values. This near-field scattered power information is significant in case of utilizing the nano-antenna in near-field communications.
B. Far-Field Analysis
The far-field mainly depend on the A FF variable, here computed in our model via calculated using the Stratton-Chu formula. As discussed in Section II-C, the distribution and density of scattered power in the far-field will determine the main design parameters we are concerned with: Directivity and Gain. The far-field scattered power in forward direction P FF sc,f and backward direction P FF sc,b are plotted in Fig. 8(b) . The strong dependence on arm radius also holds and P FF sc,f is generally larger than P FF sc,b for all cases except for small arm radii cases for which P (7) for any selected nanoantenna dimension. The four quantities are almost equal for very small radii values. Despite a very small difference due to numerical calculations, the total power scattered in the far-field is almost equal to that in the nearfield P sc which is shown in Fig. 7(b) . The same comments also hold here; the scattered power depends generally on the radius value, not on the arm length. As mentioned before, the scattered power in the near-field is evaluated by integrating the scattered power over the surface of the nanoantenna while the power scattered in far-field is evaluated using the far-field variable which is calculated using the Stratton-Chu formula that utilizes the near-field information on the boundary between the air and the PML. The fact that the two calculations are equivalent gives a strong indication of the accuracy and validity of our simulation model. The small difference between them can be made even smaller by building a more accurate mesh but with the cost of increasing the computational burden.
Directivity calculations are shown in Fig. 9 . The forward directivity D f results are shown in Fig. 9(a) . It is clear that both arm length and radius affect D f . The peak (8.44 = 9.3 dB) occurs for the nano-sphere case with 425 nm radius nanospheres. The second highest directivity peak (7.3 = 8.6 dB) occurs around 650 nm arm length and 210 nm arm radius. Backward directivity D b is much smaller than D f and its peak (3.43 = 5.35 dB) occurs at the two nano-spheres case with 300 nm radius as shown in Fig. 9(b) . The result of subtracting D b from D f is shown in Fig. 9 (c) which indicates that D f is always higher than or equal to D b (the negative values are ignored since they are very small). In this work, we consider D f for our design calculations since it is often equal to D max . For the few cases where D f is not equal to D max , then these cases have a directivity that is not significant so there is no need to consider them in our search for an optimum nanoantenna as noted from Fig. 9(d) which shows the result of subtracting D max from D f . These few cases occur mostly around 1000 nm arm length and 210 nm radius. In fact, these calculations shown in Fig. 9 help to introduce numerical description to the radiation pattern shapes. This multi-aspect numerical description reveals the main regions of the main figure. For the few cases where forward directivity is not maximum, then the radiation pattern looks like a horn (two peaks around the forward direction) as shown in the (950 nm, 210 nm) case in Fig. 10 . Note that all radiation patterns are symmetric as was previously discussed. The Standard Radiation Efficiency results e std are shown in Fig. 11(a) . They are very large for all cases except for the very small arm radius value (10 nm). The reason behind this is that absorption at these values is comparable to scattering as indicated in Section III-A. The radius values between 50 nm and 110 nm exhibit the largest values that are close to unity. It is evident that the arm length generally almost has no effect here and this comes from the fact that the P sc and P abs do not depend on the arm length as was previously explained. On the other hand, the Directed Radiation Efficiency e dir peak exists around 200 nm radius with a value of 72% as shown in Fig. 11(b) . The previously mentioned 650 nm arm length and 210 nm radius antenna is included in this region with a e dir of 69%. The Standard Gain G std results are shown in Fig. 11 (c) with a maximum of (7.56 = 8.8 dB) at two nano-sphere case (radius of 410 nm for each). The second-largest G std peak (6.94 = 8.4 dB) occurs at 650 nm arm length and 210 nm radius. The Directed Gain G dir results, which are our main concern here, are shown in Fig. 11(d) . They have a maximum of (5.06 = 7 dB) at the dimensions (650 nm arm length and 210 nm radius) which is a strong indication of the optimality of these dimensions in all respects. To sum up, the parameters of the optimum nano-antenna are summarized in Table I .
C. Polarization diversity in Optical Antennas
In order to achieve a communication system using the original nanoantenna transmitter proposed in this work, the polarization diversity technique is used. Each side of our communication system has two nanoantennas as shown in Fig. 12 . One of them is on the z-axis (Vertical Polarization Channel) and the other is on the y-axis (Horizontal Polarization Channel). The implementation of our proposed nanoantenna using polarization diversity technique in the nano-scale is achieved by monitoring LFIEF at the gaps of the two nanoantennas in the Rx side. Initially, let's consider only the fields generated from the Tx z-axis nanodipole when it is illuminated by a subwavelength laser polarized in the zdirection. In the far-field, the generated field will have a θ-and a φ-components. At 1m distance, they are equal to A FF θ and A FF φ , respectively 5 . |A FF θ | generated is along the major 5 Note that the far-field zone starts in shorter distance than 1m but here we will assume the distance is 1m in order to use the scattering amplitude A FF which corresponds to the field at 1m. The electric field distribution at any distance in the far-field zone is analogous to what will be shown next with the exception that it is multiplied by a linear scaling factor which will make it larger and able to excite the Rx side unlike the fields that will be shown next (which will only help to decide the optimum nano-antenna). Also, exciting subwavelength laser amplitude can be made much larger to ensure that the Rx is excited.
axis of the z-axis Rx nanodipole and this will result in high LFIEF in its gap. However, this won't result in a significant field enhancement in the y-axis Rx nanoantenna gap since |A FF θ | is perpendicular to the major axis. On the other hand, |A FF φ | generated from the z-axis Tx nanodipole, assuming it is large enough, will result in LFIEF in the gap of the yaxis Rx nanodipole. However, it won't result in significant LFIEF in the z-axis Rx nanodipole gap. Consequently, |A FF θ | generated from the z-axis Tx nanoantenna must be designed to be high enough so that it results in an enhancement in the z-axis Rx nanoantenna gap and |A FF φ | must be small to reduce the enhancement in the y-axis Rx nanoantenna (which is related to the horizontal channel), i.e. this will eliminate the error of 'vertical polarization channel is detected given that horizontal channel is the active one'. By analogy, the y-axis Tx nanodipole that is excited by a y-polarized subwavelength laser is responsible for the horizontal channel and it must be designed to generate high |A FF φ | to cause an enhancement in the gap of the Rx y-axis nanoantenna. It must also be designed to generate small |A FF θ | to reduce field enhancement on the zaxis Rx nanoantenna (which is related to the vertical channel), i.e. this will eliminate the error of 'horizontal polarization channel is detected given that vertical channel is the active one'.
In fact, the two nanodipoles in the Tx side are exactly the same since the optimized z-axis Tx nanoantenna that gives best electric field in the vertically polarized channel will have the same dimensions as that which gives the best electric field in the horizontally polarized channel since it is basically the same operating nanoantenna but rotated by 90
• and its corresponding excitation is also rotated with it. Therefore, our problem now is to optimize the z-axis Tx nanodipole for maximum |A Fig. 13 . The distribution of the peaks is quite similar to the directed gain shown in Fig.  11(d) . The optimum dimensions occur for two nano-sphere antenna with a 400 nm radius for each which gives a value of 1.76 * 10 −7 V/m. The previously optimized nanodipole for maximum directed gain (165 nm, 210 nm) gives a value of 1.68 * 10 −7 V/m which is very close to the major peak and it is almost the peak for the nanodipole case. Radiation pattern of |A φ | and |A θ | generated from the 650 nm arm length and 210 nm radius nanodipole are shown in Fig. 14 . The θ-component is very directive in the forward direction. The φ-component gives zero electric field in the forward direction which will eliminate errors in reception. |A FF φ | has smaller peak values which indicate small power is lost in the undesired polarization. The radiation patterns of |A| and |A θ | in the xy and yz planes are shown in Fig. 15 . Note that |A| is identical to |A θ | in the xz plane.
IV. CONCLUSION
In this paper, a transmitting nanoantenna was proposed using a subwavelength laser excitation mechanism at 800 nm wavelength with 200 nm spot radius. The nanoantenna model was designed using an efficient full-wave electromagnetic multiphysics software based on Finite Element Method. The nanoantenna design stages were discussed in detail, including geometry, material composition, discretization mesh, physics, and choice of suitable quantitative performance measures. Two geometries were considered for the nanoantenna; nanodipole and two nano-spheres separated by a gap. Also, postprocessing expressions that were manually entered to monitor the near-field and far-field quantities were explained. The nanoantenna was optimized by performing a parametric sweep over radius and length. The radiation pattern changed with changing the dimensions, varying between omni-directional, directed and horn radiation patterns. An optimum nanoantenna in terms of directed gain (7 dB) was achieved with 650 nm arm length and 210 radius. Furthermore, the polarization diversity aspects of the optical antenna system were investigated and some design data were given. This work can be extended by investigating other transmit geometries, such as single nanosphere, single nano-rod, group of spheres, group of nanorods, bowtie and Yagi-Uda. Also, the gap between the two NPs can be swept in order to understand its effect on the results. Moreover, sub-wavelength laser wavelength, spot radius, and polarization type can be further optimized to maximize their effects on the nanoantenna radiation. Fig. 15 . Radiation patterns of |A| and |A θ | in the xy and yz planes. Both are plotted for the same scale.
